Until recently many investigations on the differentiation of mammalian skeletal muscles have been repeatedly carried out by using the light microscope. Because of the limitation of resolution in the light microscope, the data were not always completed, especially the details of the development of the muscle cells. With an improvement of the electron microscope, several studies with special reference to the differentiation of skeletal muscles have appeared by using it with materials of non-mammalian (V an B r e e m a n, 1952, in Lebistes reticulatus embryos, H a y, 1961, 1963 , in Amblystoma opacum larvae and F i s c h m a n, 1967, in chick embryos) and mammalian species (B e r g m a n, 1962, in rats and I s h i k a w a, 1966, in human fetuses). The problem of the development of different fine organelles in the skeletal muscle remains still in discussion and is of much interest. The purpose of the present study is to observe the differentiation of the skeletal muscle in detail by the electron microscope, with special emphasis on the glycogen content in its differentiative stages using the pectoralis major muscle of embryonic and postembryonic rats.
Materials and Methods
Pectoralis major muscles of albino rats were taken from 15, 17, 18, 19, 20, 21 and 22 days embryos, 1, 7, 10, 20 days old infants and adult animals. The gestation age of the embryos was estimated by measuring the crown-rump length and time length elasping from the examination of spermatozoa in vaginal smears after an overnight stay of females in esterus with males. The muscle tissues were immediately fixed for 90-120 minutes in 1% osmium tetroxide solution buffered at pH 7.4 with sodium phosphate (M illoni g, 1962) or in 2.5% glutaraldehyde for 30 minutes followed by 1% osmium tetroxide buffered with sodium phosphate for 90 minutes.
The fixed materials were rapidly dehydrated in a graded series of ethanol and embedded in Epon 812 (L u f t, 1961 and K u s h i d a, 1964) . Thin sections were cut with a Porter-Blum microtome by using glass knives and were mounted on uncoated grids.
The thin sections were stained with combining saturated uranyl acetate (W a t s o n, 1958) and lead citrate (R e ynold s, 1963) . The stained sections were examined with an electron microscope (HU-11A type). Electron micrographs were taken at the initial magnification of 1800 to 20000 and subsequently enlarged photographically to the desired size. About 1 it thick sections were also prepared from the same blocks. They were stained with toluidine blue or periodic acid-Schiff's method in combination with saliva digestion and examined with light microscope.
Observations
Many investigations made until today have suggested that muscle cells in the developing muscle are not always in the same situation of differentiation at the same time, but rather in more or less different stages-some of them are slightly advanced in development and some slightly retarded.
Therefore it is not easy to define the differentiative stages of developing muscles. However, the stepwise observation of common significant features of different organelles found in the majority of the developing muscle cells made it possible to divide into 4 stages in the pectoralis major muscle : 1) Early differentiation stage-15 days of gestation (10 mm CRL), 2) Preparatory differentiation stage-17 to 22 days of gestation (18 to 40 mm CRL), 3) Final differentiation stage-one to 10 days after birth and 4) Full activity stage-after 20 days. 1) The early differentiation stage-15 days of gestation Myoblasts appeared for the first time in the forming area of the pectoralis major muscle in the chest in this stage.
The myoblasts mean mononucleated muscle cells which are destined to form multinucleated muscle cells (F i s c h m a n, 1967). The mononucleated myoblasts were oval in shape and had a large nucleus which was placed in the center of the cell body and contained one or two prominent nucleoli (Fig. la) . The cytoplasm contained different organelles as found in other types of cells. The mitochondria were moderately developed, found as spherules or ovoids in shape, and were randomly dispersed throughout the cytoplasm. The roughsurfaced endoplasmic reticulums were randomly scattered as thin tubuli and far more frequently than in the other stage of differentiation, and were intermingled with the smooth-surfaced endoplasmic reticulums (Figs. 2 and 3) . The smooth-surfaced endoplasmic retieulums were also randomly scattered as vesicles but were found slightly frequent near the nucleus. The Golgi apparatuses were poorly developed, consisted of flattened vesicles and vacuoles, and were relatively frequent near the nucleus (Fig. 2 ). Ribosomes were abundant and most of them were membrane-free in nature (Figs. 2 and 3) .
Myofilament bundles which consisted of thick and thin filaments were present in some of the myoblasts.
The myofilament bundles could not be observed by light microscopy.
Some of the myofilament bundles indicated one or a few sarcomeres in section. No regular topographic relation was found between the myofilament bundles and the other organelles such as mitochondria, Golgi apparatus and roughsurfaced endoplasmic reticulum in this stage (Fig. 3) .
Glycogen granules could not be observed in this stage. The finding was also confirmed by periodic acid-Schiff's staining in the light microscopic observations (Figs. 1abc, 2 and 3).
Fibroblasts were clearly distinguished from myoblasts with the following different characteristics : the presence of well-developed. ribosome-studded endoplasmic reticulums, uneven distribution of electron dense chromatin in the nucleus, production of long cytoplasmic processes, and moreover absence of myofilaments.
2) Preparatory differentiation stage-17 to 22 days of gestation In this stage, the muscular tissue was mainly composed of immature but multinucleated muscle cells. These muscle cells were found as fibers and contained already several nuclei which showed a tendency to move towards the periphery and elongate more. The mitochondria were developing and found often as spherules and ovoids, rarely as rods. They were randomly distributed and did not have any regular topographic relation at the beginning of this stage (Fig. 4) , but became arranged in a usual regular fashion with the development of myofilament bundles later at the end (Fig. 5) . The rough-surfaced endoplasmic reticulums were reduced, found as tubuli and were less frequent than in the previous stage. The Golgi apparatuses remained in poor development near the nucleus and consisted of flattened vesicles and a few vacuoles (Fig. 4) . The smooth-surfaced endoplasmic reticulums were found mainly as vesicles, rarely as tubuli and more abundant than in the previous stage (Figs. 4 and 5) .
Bundles of thick and thin myofilaments developed to myofibrils in this stage.
Light microscopy also confirmed the definite appearance of myofibrils in this stage.
The myofibrils had a few or more sarcomeres in section.
They were distributed in different directions at-the beginning of this stage (Fig. 4) , but became arranged regularly in bundles along the longitudinal axis of muscle cells at the end (Fig. 5) . Z-, A-and I-bands became discernible in them but were not uniform in appearance (Fig. 5) . Cross section of the myofibrils showed typical hexagonal array, as reported in mature muscle fibers by Huxley (1957) (Fig. 4) . Free ribosomes were rather decreased than those observed in the early differentiation stage. Glycogen appeared as granules for the first time in this stage, and was most abundant at the end of this stage. The glycogen granules often filled the greater part of the cytoplasm-in relation to interfibrillar spaces (Fig. 5 ). This finding was also confirmed. light microscopically with periodic acid-Schiff's stain-periodic acidSchiff positive substance was remarkably concentrated (Fig. lb) . Desmosome-like structures (tight junctions) were detected between the apposed plasma membranes of adjacent immature muscle cells (Fig. 4) , but not between muscle cells and other kind of cellsfibroblasts.
3) The final differentiation stage-One to 10 days after birth Shortly after birth, the pectoralis major muscle consisted of immature and mature muscle fibers.
At the 10th day, mature muscle fibers were increased in number. These muscle fibers contained numerous nuclei which were more elongated and located near the sarcolemma.
The mitochondria were elongated to rods and located regularly in the interfibrillar spaces and in the subsarcolemmal areas. The mitochondria were further aggregated in clusters in the extremities of muscle fibers (Fig. 7a) . Some of them were closely associated with lipids.
The smooth-surfaced endoplasmic reticulums were frequently found as tubuli and vesicles between the myofibrils. The term, "smooth-surfaced sarcoplasmic reticulum " was preferred to the smooth-surfaced endoplasmic reticulums in this stage. The rough-surfaced endoplasmic reticulums were further decreased in number and were found in the form of tubuli rarely in the peri-nuclear areas or in the extremities of the muscle fibers. The Golgi apparatuses were poorly developed which found near the nucleus and consisted of flattened vesicles and vacuoles without showing any significant change (Fig. 6 ).
Myofibrils were arranged longitudinally and filled the greater part of the cytoplasm. The myofibrils appeared almost mature and were morphologically completed.
Cross striations were well established-A-, I-, Z-and M-bands became better discernible (Fig. 6) .
Free ribosomes were further decreased in number.
Glycogen granules decreased significantly after birth. They were distributed at the level of I-bands in interfibrillar spaces (Fig. 1c ). Desmosome-like structures disappeared completely in this stage. Muscle fibers were enveloped completely by the basement membranes.
4) Full activity stage-20 days to adult Muscle fibers of the pectoralis major muscle of 20 days old animals became structurally similar to those of full adults. The muscle fibers contained a great number of subsarcolemmal nucleithe nuclei were more elongated just beneath the sarcolemma. The mitochondria became better developed.
The majority of them were found as rods or ovoids in shape and distributed in the same place as found at the end of the previous stage (Figs. 7a and 8). The smooth-surfaced sarcoplasmic reticulums also were found as vesicles and tubuli definitively between myofibrils, and further formed transverse tubuli (transverse system) for the first time at the A-I junctional levels of the sarcomeres (Fig. 7b) . The Golgi apparatuses were found as flattened vesicles and vacuoles in the perinuclear area and remained in poor development without indicating no significant change.
Myofibrils filled the cytoplasm in regular arrangement and were of uniform diameter-cross striations were far better distinct. Free ribosomes were further decreased. Glycogen granules appeared to maintain a constant equilibrium in number and distribution.
The result was also confirmed by periodic acid-Schiff's staining in the light microscopic observations. A close association between the glycogen granules and the smoothsurfaced sarcoplasmic reticulums was not yet found in the pectoralis major muscle of 20 days old rats (Fig. 8) . In adult rats, two different types of muscle fiber (white and red muscle fiber) became visible in the pectoralis major muscle : The red fibers were smaller in the transverse diameter and contained mitochondria in abundance, and the white fibers were larger and contained them in less abundance. The white fiber contained more abundant glycogen granules than the red fiber (Figs. 9 and 10). In longitudinal sections, the glycogen granules were found at the level of I-bands in interfibrillar spaces.
In cross sections, the glycogen granules were found at the interfibrillar spaces, closely associated with the smooth-surfaced sarcoplasmic reticulums (Fig. 12) . Sarcolemma' invaginations which associated to the transverse tubuli (transverse system) were also found at the level of I-bands in cross sections (Fig. 11) .
Discussions
Four stages are divisible in the differentiation of the skeletal muscle (pectoralis major muscle) of albino rats : (1) This has been suggested in chick embryos by K o n i g s b e r g (1963) . The formation of myofilaments appears to have no relation with the number of myoblast nuclei and this is in agreement with that of Ho lt z e r 's data (1957) . On the other hand, large size of the nuclei and presence of the prominent nucleoli have been generally described to be characteristics of the cells which synthesize protein actively. This has been also said to be true of the muscle cells (H a y, 1963) . B e r gm a n (1962) too suggested that the synthetic mechanism of proteins appears to be related to the specific association of ribosomes, mitochondria and membranous structures, and further insisted that the ribosomes of small size appear to be associated with the synthesis of thin filaments and those of large size with that of thick filaments. In subsequent study, Dessouky et al. (1965) have described that a positional relationship exists between the free ribosomes and myofilaments, and the myofilaments are synthesized at the expense of the free ribosomes.
The early differentiation stage includes further another question as to whether thin myofilaments are synthesized earlier than thick myofilaments or not. P or ter (1958), 0 g a w a (1962) and Allen et al. (1965) (1967) observed rather that both kinds of myofilaments occur at the same time or in somewhat different times. The present data rather agreed with those of Ferri s, Bergman and others, and further elucidated that no specific relation exists between the size of ribosomes and the types of myofilament.
The preparatory differentiation stage is characterized by predominance of better developed myoblasts.
The better developed myoblasts in this stage appear to correspond with the so-called early muscle fibers reported by H a y (1963). They are marked by 1. development of myofilaments to myofibrils, 2. multinucleation and movement from the center to the periphery of the nuclei, 3. abundance of glycogen, 4. decrease of free ribosomes, 5. formation of desmosome-like structures and 6. regular distribution of mitochondria between myofibrils.
An inverse relation to be found between the decrease of the free ribosomes and the development of the myofilaments to myofibrils is confirmed in this stage.
The development of myofilaments to myofibrils means the longitudinal combination of myofilament bundles to form myofibrils. H a y (1961, 1963) thought that the Z-band materials participate in this combination.
Contrary to her, Fischman (1967) doubted rather the role of Z-band materials or M-band cross bridges in forming or spacing the aggregates of myofilaments to myofibrils, but rather surmised that the so-called " self-assembly " appears to be essential for the formation of the myofibrils.
On the other hand , recent studies on tissue culture of muscle cells in chick embryos have elucidated that the development of muscle cells, including the formation of myofibrils, goes on without having the influence of nerves
(S h i m a d a et al., 1967).
The preparatory differentiation stage further contains an im-portant problem as to how the multinucleation goes on in muscle cells. Weed (1936) and G o d m a n (1955, 1957) believed that the multinucleation of muscle cells proceeds through nuclear division without subsequent cytoplasmic division.
On the other hand, L a s h et al. (1957) (1965) by studying in vitro differentiation of muscle cells of chick embryos. The present observations support rather the fusion by a process other than the production of small vesicles from the apposed plasma membranes, and elucidated the occurrence of desmosome-like structure in the two apposed plasma membranes of adjacent myoblasts just before the fusion. The desmosome-like structure does not contain any basement membranes, and means probably a kind of physiological degeneration of the plasma membranes which favors the multinucleation.
One of the most significant characteristics found in the preparatory differentiation stage is the abundance of glycogen in multinucleated muscle cells. Engel (1961) reported that glycogen is not found in myoblasts of the earliest stage but in those of later stages. that glycogen begins to be stored on day 18 and reaches a peak on day 22 (K i m, 1967) . It seems likely that the abundant storage of glycogen in myoblasts in this stage as well as in the fetal liver near term contains two meanings-public and private needsrespectively for the whole body and the organ itself (muscle or liver). In association with the private need, a part of the glycogen appears to be available as an energy source in preparing for muscle contraction in the final functional differentiation.
The presumption may be confirmed by observing an abrupt decrease of the glycogen in the pectoralis major muscle after birth (Figs. lb, lc, 5 and 6) .
The final differentiation stage is characterized by further development of muscle fibers prerequisite to energetic movement of infant animals in the next full activity stage.
One of the characteristics of this stage is that muscle fibers have no desmosome-like structures, and are completely enveloped by the basement membranes-this means that the fusion can not occur between these muscle fibers any longer.
At 18 or 19 days after birth, infant rats begin to move rapidly. One of the topics in this stage is the formation of transverse tubuli (transverse system) at the A-I junctional levels at 20 days after birth-the structure has been thought as an organelle responsible for inwards spread of exitation that causes muscle contraction (F a w c e t t et al., 1961). It is very interesting that the formation of the transverse tubuli is in coincidence in time relation with the beginning of rapid movement of infant animals.
Another topic is that the two types of muscle fibers (white and red fibers) are not yet discernible in the pectoralis major muscle at 20 days but soon later. Many investigators have alai described the distribution of glycogen granules in mature muscle fibers. Bergman (1960) studied with frog sartorius muscle and described that glycogen granules localize principally in the interfibrillar spaces and also in the myofibrillar areas. He suggested that the interfibrillar glycogen is composed of aggregated granules as a storage form of carbohydrate, and that the dispersed phase of glycogen, primarily found as nonaggregated granules in the region of Z-bands and A-bands, is the form to be readily used for energy purpose.
The present data showed in agreement with Bergman's data that the glycogen granules are localized in the both interfibrillar spaces and myofibrillar areas and most of them are found in the interfibrillar spaces associated closely with the sarcoplasmic reticulums but could not elucidate the meanings of the two types of glycogen granules.
Summary
The developing pectoralis major muscle of albino rats was studied both light and electron microscopically and following results were obtained.
The developing pectoralis major muscle of albino rats could be divided into the following 4 stages : 1. the early differentiation stage (15 days of gestation), 2. the preparatory differentiation stage (17 to 22 days of gestation), 3. the final differentiation stage (from immediately after birth to about 10 days) and 4. the full activity stage (from about 20 days to adult).
Mononucleated myoblasts appeared for the first time in the forming area of the pectoralis major muscle in the early differentiation stage. These mononucleated myoblasts were characterized by the following fine structures : better developed rough-surfaced endoplasmic reticulums, random distribution of relatively well developed mitochondria, abundance of free ribosomes, formation of myofilaments or myofilament bundles, poorly developed Golgi apparatus and lack of glycogen.
The preparatory differentiation stage was characterized by predominance of better developed myoblasts which are marked bydevelopment of myofilaments to myofibrils, multinucleation, formation of desmosome-like structures, decrease of rough-surfaced endoplasmic reticulums and abundance of glycogen granules. The glycogen granules began to increase on 17 days of gestation and were most concentrated on 22 days of gestation. The final differentiation stage was marked by an abrupt reduction of glycogen granules, further together with well-established cross striations and regular arrangement of myofibrils, regular arrangement of mitochondria in the interfibrillar spaces and decrease of free ribosomes.
The full activity stage was marked by the formation of the transverse system at the A-I junctional levels and later by the appearance of two types of muscle fibers (red and white fibers). In adult rats, most of the glycogen granules were found at the interfibrillar spaces-associated closely with the sarcoplasmic reticulums.
Sarcolemmal invaginations which constitute the transverse system were also observed at the I-band level. 157: 367, 1967 The muscle fibers contain abundant glycogen granules but less abundant free ribosomes.
The rough-surfaced endoplasmic reticulums are more frequently found as short tubules. The Golgi apparatuses are seen near the nucleus.
Myofilament bundles appear more frequently and further as longer sections, and some show typical hexagonal arrays (small arrows). Free ribosomes are decreased. The Golgi apparatus and roughsurf aced endoplasmic reticulum are found near the nucleus, but remain poorly developed (in Mf2). Mitochondria are well-developed and regularly arranged between the myofibrils (in Mf 1 and Mf2). Cross striations are relatively well defined. Glycogen granules are decreased and distributed in the interfibrillar spaces.
( x 10500) Fig. 7a . Final differentiation stage (7th day after birth) An aggregation of mitochondria at an extremity of the muscle fiber is seen, but the aggregation is not so dense as observed in the full activity stage (see Fig. 8 ). The cytoplasm is almost filled with regularly arranged myofibrils. Mitochondria are located in the interfibrillar spaces. Some of them are densely aggregated at an extremity of the muscle fiber (see Fig. 7a ). Lipids are also found in the subsarcolemmal areas, associated closely with the mitochondria (see Fig. 6 ). A transverse tubule is seen at an A-1 junctional level (arrow). x 11400) Fig. 9 . Full activity stage (full adult rat)
A longitudinal section of the white muscle fiber is seen. Mitochondria are less abundant than in the red muscle fiber (see Fig. 10 ). The cytoplasm is completely filled with fully developed myofibrils. Glycogen granules are found in interfibrillar spaces. A transverse section of I-band level is shown. Myofibrils are separated to each other by the surrounding transverse membraneous system (transverse tubuli, sarcoplasmic reticulums and mitochondria). Glycogen granules are observed in the interfibrillar spaces, associated closely with these membraneous system, especially with the sarcoplasmic reticulums. (x 30000)
